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Soft v-ray repeaters (SGRs) emit multiple, brief {~0.1-s) intense
outbursts of low-energy vy-rays. They are extremely rare'—
three’ ™ are known in our Galaxy and one® in the Large Mugellanic
Cloud. Two SGRs are associated®’ with young supernova rem-
nants (SNRs), and therefore most probably with neutron stars,
but it remains a puzzle why SGRs are so different from ‘normal’
radio pulsars. Here we report the discovery of pulsations in the
persistent X-ray flux of SGR1806 ~ 20, with a period of 7.47 s and
aspindown ratcaf 2.6 x 10™'syr~'. We argue that the spindown
15 ducto magnetic dipole emission and find that the pulsar ageand
{dipolar} magnetic field strength arc ~1,500 years and
8 X 10" gauss, respectively. Qur observations demonstrate the
existence of ‘magnetars’, neutron stars with magnetic fields about
100 times strunger than those of radio pulsars, and support carlier
suggestions®® that SGR bursts are caused by ncutron-star ‘crust-
quakes’ produced by magnetic stresses. The ‘magnetar’ birth rate
is about one per millennium~a substantial fraction of that of

Figure 1 Fast-Fourgrteanstorm gower spectrum comguted lor ihe combined
RXTF/PCA abservanons o!5/8, 2.13 and 17 Novemoer 1996 i ihe 2-24 keVrange.
(The ua1a O 18 November CoNtained Loo Many Dursis o e uselul) The ingivigual
powers have peen normalized oy the average aase level 1o bring the distribution
oi 1'oise powers It goproximate agreement with the x? distribution with 2
degraas ol treescom Tne data were samoied in O 55 bins. The Q 13375-Hz pulsed
Sigeral 3na 18 hist narmomic at O 26760 Hz s12n0 out weill apove the noise ‘evel
Tr e dala have been barycentre correcied (vsng the co-ordinates of the L3V star
menucred 1n ihe iix! 'or the scurce posmisn?
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radio putsars. Thus our results may explain why some SN R have
no radio pulsars,

SGRIROA — 20 became extremely active between Octone: 1996
and November 1997, when over 40 intense bursts and nonerous
weaker ones were detected™ with the Burst And Transien: Source
Experiment (BATSE) on board the Compton Gamnia-Rav Obser-
vatory (CGRO). We ohserved SGRIBO6 — 20 with the Ryas N-Rav
Timing Explurer {RXTE) bve tumes between 3 and 18 Nowvember
1996. starting five days after the first triggered burst detes:.on with
BATSE. (Information on the archival data from RXTF 2CA and
ASCA is available at hupi//heasarc gsfenasagon ) Dusig these
observations'', the source enntted series of authurses i a “aoaching
mode, aever seen before. The intensity of the outhursts. - well as
the ‘bunching’ mode, varied significanty: min-outburs were
interlaced with very intense ones and the rate of bursts varied
from bunch to hunch (S Dieters er al., manuscnpt o Prerdranon).

We made a periad search of the data after excluding aii bursts
from the time series. The data were then energy-selected for 2-
24 keV X-rays, background subtracted and binned at 0.3 1 :esolu-
tion. The resulting light curve was searched for perisdicities
between 0.03 and 1Hz by calculating a fast-Fourier-transtorm:
power spectzum (Fig. 1). The peaks in the spectrum are centeed
on the fundamental trequency of 0.13375 Hs (period of ~.3763555)
and its first harmonic at 0.26750 Hz. We find no significan: powerin
any other frequency in the searched range. The probabilicv that we
detect a signal at the fundamental frequency this strong b chance
coincidence is | X 107" (taking into account the number of trials,
1.9 X 10% and the probability per trial, 5 X 10 7).

To determine the fundamental period, all data sets were then
corrected to the Solar System: barycentre and separately folded at the
longest detected period of 7.47635 5, and sub-harmonics -hereof
These sub-harmonic folds shawed multiple 7.47635-5 pulses. which
were identical, within statistical errors. We therefare conclude that
7.47655 5 is the fundamental period.

To refine our period estimate, we have combined all Procarnonal
Counter Array (PCA) data and used 4 ‘bouvt-strapping’ method. where
the best period obtained from the shortest data span is used 1o count
cycles and estimate the period over the next longest span ofdzis. and so
forth until 4 consistent period is found over the entire duta st This s
achieved bv cross-correlating the phase folds from data subsers using
our best period estimate and fitting the resuiting cross-correlation
peaks with a gaussian. The phase offset is then converted o 2 time
difference, a new period is calculated and the procedure s con-
tinued for the next (longest) span of data. Our errors in the eriod
and period derivative were estimated by performing Moue Carlo
simulations of 25 data sets, whereby we added gaussian nuise with
the data variance to the bins of each phase fold.
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W find thae o conatant period does not it the pulse arrival times
welivand we derived an ephemeris of the puise arrival times from the
mnumuim s the phase-folded pulse light curve (see Fig. 2):

! .
T Ww(TIDY =T, + NP + = PPN’

Ta is the reference time in truncated Julan davs
(TID = JD ~ 24400005}, P is the pulsar period, P is the period
derivative and Mas the number of elapsed cycles since T,. We find
that 70 = 10392.450071037(1)(TID), P = 7.476551(3)s and
- 2814) %10 as T

Lising this ephemeris, the correspanding pulse profile of all the
RXTE/PCA datais shown in Fig. 2a. The tull amplitude of the pulsed
fluxas 1.0 = 0.2 countss ™' {between 2 and 24 keV). To estimate the
point suurce count rate, we have folded the spectrum derived®? from
the vbservations of the Japanese satellite ASCA of the persistent X-
ray source identified® with SGR1806 — 20 through the detector
response of the RXTE/PCA. It predicts 3.9 countss™ for a point-
like source detected with PCA in the 2-24keV range; the corre-
sponding pulsed flux amplitude is ~26%.

We have searched the archival ASCA data of SGR1806 — 20 for
the presence of o periodic signal over a period range that encom-
passed the original period and possible extrapolations given by our
P measurament. A significant signal was found in the 1993 data set
(epoch T)L 9275 85) at 7.46851 % 0.00025 s with full amplitude of
the pulsed flux ~23%. The probability of this peak to appear by
chance in the ASCA data is 3.6 X 10 ™%, (taking into account the
number uf trials, 377, and the probability per trial, 9.66 X 10~7).
Figure 2b shows the pulse profile of the ASCA folded light curve. We
have a marginal detection of the pulsation in the 1995 data set

FU7.4738 X 0.001s, epoch TID 10006.72). The ASCA and RXTE/

|
!
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PCA periods are consistent with a long-term average spindown
rate, P =(8320.3) %10 " 55", The ASCA detection of the
periodicity clearly associates the period with SGR1806 — 20 rather
than with a hitherto unknown pulsar within the 1° field of view of
the RXTE/PCA.

The period we have found in SGR1806 - 20 is very similar to the
8.0-x period found” in SGROS26 — 66 during a three-minute
interval following its extremely strong 5 March 1979 burst. This
strongly suggests that the mechanism that produces SGR events is
associated with a particular type of slowly rotating neutron stars.

LR

Whit s the encrgy source of the SGR duiesvende amd e
emission? The (unabsorbed) flux (2-10keV) ot the QUICSCCIN
emission from SGRI806 — 20  measured’” wuh  ASCA s
~1 X107 ergem " s 7' Assuming isotropic emission and a
distance'* for SGR1806 — 20 of ~14 kpe, the 2-10 ke\" luminosity
of the source 15 Ly, =~ 2> 10" ergs ™! Similarly,  the
SGR1806 - 20 burst peak {luminositv'” (2560 kel corresponds
to ~10" ergs”™', which is = 10" times higher than the Eddington
luminosity of a neutron star of 1.4 solar muasses (1.4 Mo Twatvpes
of energy sources have been proposed 10 explain the emission from
SGRs: accretion, and energy released by the decay of the nugnetic
field of a strongly ( = 10" G) magnetized neutron star, 4 ~o-called”
‘magnetar’ (Rotational energy loss, £, 1s not sufficient to explain
the observed X-ray luminosity of SGR1806 — 20. For the observed P
and P we find £, ~ 10% ergs ™' two orders of magmrude below
Lsgk). As we argue below, the *magnetar’ model is the only one that
can account for the observed properties of SGR1806 — 20,

SGR1806 — 20 has been identified with the SNRG 100 - 0.3, :

whose radio morphology is that of a plerion' (a synchrotron nebula
powered by the relativistic wind of a voung pulsari: this suggests
that it is centrally powered by a compact source. The X-ray
spectrum'? of the ASCA persistent source is a power law with
photon index 2.2, and hydrogen column density,
Ny =6x 107 cm™7 It does not show the emission lines com-.

monly seen in SNRs, which shows that the contribution from °

shocked gas is relatively small and further supports the idea that
it is an (X-ray) plerion. In addition, radio observations' of
SGR1806 — 20 show varying spatial structure at an angular scale
of several arcseconds, perhaps a jet. All the above observations
indicate that the SNR is powered by a wind of relativistic particles.
Thompson and Duncan’ estimate that the particle luminosity, £,
from SGR1806 — 20 is of the order of 107 ergs™'.

The coincidence of SGR1806 — 20 with an LBV (ref. 18). a rare
type of evolved massive star, raises the possibilitv that the SGR
persistent X-ray luminosity is caused by accretion from the LBV
stellar wind. Accretion-powered emission, however, can be excluded
by the following argument®, for reasonable (L. Kaper, personal
communication) parameters of the LBV (wind velocity
V, =500kms™', mass loss ratc ~10° Moyr™, radius
solar radii, and the distance a between the iwo stars = 10" cm):

at the accretion radius (r,, = 2GM V71, where M. ¢ is the neutron !
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Figure 2 L;:och foided pulse prohies of SGR1306-20. & RAXTE/PCA daa in 20
LN3se s at the 'undamental penod ol 7.4 76555 s, botwaen 2 and 24keV. b,
ASCA gata {irom the 1933 observanon of SGR1806 ~ 20) in 12 phase bins (to
NCr@ASC ‘he ©ignal 1o sorse 3t} al Ire lundamerial nenod of 74685:265
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between 2 and 10 keV The pIots in Ihe twe panels cover twe pernds lor¢'atty
The ASCA pulse prohie is not deriveg by extrapciation of the 9XTE/PCA panod
and penoag dervauve, itis ‘ound by independent perar sea renas

NATUREIVOL 393121 MAY 1998

~100




IR I =R BRI FIRTIFE PEODCT
Crtssicthe pressure oserted b therelativisud wind powering the

Jieoan Pog = Lm0 s 1.2 X 10 dynem - This

prossure exceeds  the stellar wind ram pressure (P =

g V% 23dynem Y, where p, is the density in the wind) by
almost two orders of magnuiude. Thus, cven if the SGR source
weren a binary systemwith the LBV, accretion is highly unlikely to
ogur.

The radio data, however, muay provide evidence for the orbital
weriod of the system, tunt could be conblirmed with a long-term
monitaring of the source with RXTE. Frail ¢ral.'” report that the jet-
like strucrure assocnted with the plerion has rotated by 50° over an
witerval of 1.4 yr. It s possible that this structure is the result of a
magneatotail af SGRIB06 = 20 produced by the strong wind of the
LUV In such a case, we would expect the system orbital period to be
of the order of 10 vr.

This leaves us with the magnetar model. Because in this model
rotational losses do operate on the neutron star, we can estimate
the spindown pulsar age, v, and magnetic field, B, from its
period and perjod derivative, according 10' 7 = Pr2pP and
8= 32X 10"/PP. respectively. Substituting the above values
for P and for the long-term P we fnd 74~ 1,500yr and
B=8&x10"G. Thompson and Blaes® have shown that these
formulec are of approximate validity only when the particle lumin-
osity flom a neutron star is much lower than its standard magnetic
dipoie luminosity. In particular, when the particle pressure is
High enough to exceed the dipale pressure inside the light cylinder
of the neutron stae, the magnetic field lines will be cambed out
heyond a radius Ry, where R /Ry =~ (BLR}e/2L, ). Here By and
Ry are the dipole magnetic teld and the neutron star radius,
respeetively. This raises the magnetic field strength at the light
cvhinder, and therefore the magnetic dipole torque. Following their
analysis, we find for the magnetic field and spindown age of
SGRISu6 20, ~2x 10" G and ~8,000yr, respectively. The
latter value is in good agreement with an carlier age estimate'® of
~10.000vr for G10.0 =03 hased on angular diameter versus
surface brightness argument.

The magnetic field value is the highest measured so far (its
uncorrected value 1s similar to that estimated? for GB790305 and
for™ 1£ 1841 — 0435 in the young SNR Kes 73): it supports the model
for SGits developed by Thompson and Duncan®. According to these
workers, the SGR bursts are triggered by cracking of the ncutron-
star crust caused by magnetic stresses, which leads to sudden
injection of Alfvén waves into the magnetosphere, particle accel-
eration. and formation of an optically thick pair plasma. Very high
magnetic fields would explaiu the super-Eddington luminosities of
SGRs, by suppressing the electron scattering cross-section of
photons by a factar =872 In addition, the decay of the magnetic
field heats the neutron-siar interior, giving rise to persistent thermal
soft X-ray emission from the surface. Superstrong fields also lead to
rapid spindown of a neutron star, which after a time interval of the
arder of 10" yr will rotate at o period in the 10-s range. Thus, unless
G10.0-03 is not a plerionic SNR, the conclusion that
SGRIB06 — 20 is a magnetar seems unavoidable.

SGRs have several striking similarities with a small group of X-ray
pulsars (only ~6 sources are known so far}, called ‘anomalous’ X-
ray pulsars (AXPs)™ ** which are very different from normal binary
X-ray pulsars, with respect to their spin period distribution (all
between 6 and 125s), their very soft X-ray spectra, and the absence
of evidence for a binary companion. Several AXPs are associated
with young SNRs; their very small distances to the galactic plane
shows that AXPs are hkewise recently formed acutron stars™. Non-
dctection of orbital Doppler shifts in their X-ray pulsations indi-
cates that if they have companions, these must be very low-mass
stars.

The accretion inodel of AXPs fails to explain the narrow dis-
tribution of their observad pulse periods and X-ray lJuminosities. In
the magnetar model the obsecved limited period range reflects
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that the ape rarpe ot ANPr s bcited, and o
dipote spindown the spin period vanes rather siowiv with time r
as "% Tor a particular muadel of the B-ficld deoa, T hanpson and
Duncar” hnd for the period 17 = (958, RIM,, (/10" ve) Y and
the X.ray Juminosity L, =5« 105 (/10 yr) Yergs * (the latter
expression depends somewhat oo detwls of the neutron star
equation of state). Here B,. — B/10VG, R, = Re 0 em, and
M o=Mys/ 1.4 M. The observed X-rav luminosites and spin periods
therefore follow naturally from the model.

According to o previous! analvas the total number of SGIts 1n
our galaxy is € 7.1t the age estimuare of SGR1ISO6 — 0 4 tvpical
for these objects, their birth rate s af the vrder of one per
millennium, that is, ~10% of the birth rate of normal radio
pulsars™. Neutron stars with superstrong magnetic fields inav,
therefore, constitute a non-negligibic fraction of newlv formed
neutron stars and account for at least part of the disceepancy
between the birth rates of corc-collapse supernovac and of radie
pulsars™. [tis unclear whether these magnetars represent the tai of
very broad neutron-star magnetic-field distribution, or whether
they forin a separate class of young neutron stars with superstrong
magnetic fields.

We point out that the valuc of P/P of SGR1806 — 20 15 smaller
than any of the values (only five measured so far) for AXPs. This
may suggest that SGRs arc the earliest phase in the evolution of
magnetars, followed by a phase in which they appear as AXPs. O
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